Objective: We evaluated cigarette smoking, alcohol intake and consumption of different foods as determinants of glycated haemoglobin in a general population sample. Design: Cross-sectional survey. Setting: England. Subjects: Representative sample of 15 809 adults aged 16 y and older. Data analysed for 9772 non-diabetic, white European subjects. Main outcome measures: Glycated haemoglobin (GHb). Analyses were adjusted for age, sex, body mass index (BMI), waist ± hip circumference ratio, activity level, and educational attainment. Results: After adjusting for confounding, GHb was 0.277% (95% con®dence interval 0.218 to 0.336) higher in current smokers of 20 or more per day, compared with non-smokers. GHb was 0.189% (0.101 to 0.277) lower in those drinking 42 or more units of alcohol per week than in non-drinkers. GHb was not associated with frequency of consumption of pulses, fruit, vegetables and salads, cakes, bread or confectionery. GHb was higher in subjects who took sugar in tea (0.051%, 0.015 to 0.087%) or in coffee (0.069%, 0.034 to 0.105%). GHb was higher in subjects who used solid fat for cooking (0.082%, 0.022 to 0.142%), or who drank whole rather than reduced-fat milk (0.088%, 0.036 to 0.140%), or used butter or hard margarine rather than low-fat spreads (0.075%, 0.029 to 0.121%). Conclusions: In the general population, higher GHb may be associated with cigarette smoking, or frequent consumption of fat-containing foods. Consumption of alcohol may be associated with lower GHb.
Introduction
Hyperglycaemia in non-diabetic subjects is important. Epidemiological studies have shown that asymptomatic hyperglycaemia is a risk factor for coronary heart disease (Perry et al, 1994) and all-cause mortality (Shaw et al, 1999) . Hyperglycaemia has also been identi®ed as part of the metabolic syndrome. Raised blood glucose concentrations indicate the development of insulin resistance, which may ultimately lead to the development of diabetes (Reaven, 1988) . In the presence of hyperglycaemia, the process of glycation may also contribute to the pathogenesis of disease through the accumulation of advanced glycation end-products which may adversely affect vascular and neural function (Brownlee, 2000) .
Glycated haemoglobin (GHb) concentration is associated with blood glucose in non-diabetic subjects. Yudkin et al (1990) found that the blood glucose concentration 2 h post-load explained about 30% of the variation in GHb in non-diabetic subjects. GHb was shown to predict the progression from impaired glucose tolerance to diabetes in Pima Indians (Little et al, 1994) . In women, elevated GHb levels were associated with prevalent cardiovascular disease (Singer et al, 1992; Park et al, 1996) . However, other factors appear to have some in¯uence on glycation in non-diabetic subjects. Yudkin et al (1990) found that some subjects had consistently higher or lower GHb values in relation to blood glucose concentrations. This ®nding was replicated by Kilpatrick and Maylor (1998) , but reasons for inter-individual differences in GHb, other than blood glucose, have not been identi®ed.
The present study aimed to evaluate predictors of GHb as a measure of hyperglycaemia and glycation in the general population. The report is based on analyses of data from the Health Survey for England in 1994. The survey provides data for a large, nationally representative sample of adults aged 16 y and over in England. We hypothesised that risk factors for diabetes would be associated with GHb in the general population. There is a consensus that age, obesity, particularly abdominal obesity, physical inactivity and lower socio-economic status are associated with the risk of diabetes (Rewers & Hamman, 1995; Dowse et al, 1991) . The role of other etiological factors in the development of diabetes is more controversial. Heavy alcohol consumption is often regarded as a risk factor for diabetes and this has been supported by some epidemiological studies (Balkau et al, 1991; Wei et al, 2000) . Other studies have suggested that consumption of alcohol may reduce the risk of diabetes (Perry et al, 1995; Rimm et al, 1995; Stampfer et al, 1998) . Cigarette smoking received no mention in a recent comprehensive review of risk factors for type 2 diabetes (Rewers & Hamman, 1995) , but recent reports have suggested that cigarette smoking may be a risk factor for type 2 diabetes in men and women (Rimm et al, 1993 (Rimm et al, , 1995 . The role of dietary habits in the aetiology of type 2 diabetes is also controversial. Kelly West summarised the evidence by stating that`for the most part, epidemiologic data are inconclusive with respect to speci®c dietary elements as causal elements in diabetes' (West, 1978) . Considerable uncertainty remains some 20 y later (Rewers & Hamman, 1995) . In these analyses we speci®cally aimed to evaluate associations between cigarette smoking, alcohol use, consumption of different foods and GHb in the general population. Since these analyses were performed, a report evaluating associations of nutrient intakes with GHb has been published by Boeing et al (2000) .
Subjects and methods

Data
Data from the Health Survey for England 1994 were obtained from the Data Archive, University of Essex, UK. The data are Crown Copyright and were used by permission of the UK Of®ce for National Statistics. The Health Survey for England is an annual household survey of a representative sample of adults aged 16 y and over, living in England. The sampling design and procedures used in the survey have been described in detail by Colhoun and Prescott-Clarke (1996) . The survey uses a multi-stage sampling design, with post-code sectors as the primary sampling unit and households sampled from each of the post-code sectors. Sampling of post-code sectors was strati®ed by regional health authority as well as by four socio-demographic variables. Within households, all adults aged 16 or more were eligible for inclusion in the survey. Colhoun and Prescott-Clarke (1996) provided a detailed description of the measurement methods used in the survey. Total GHb was measured using boronate af®nity chromatography. The normal range was less than 8% and quality control data were reported by Tucker et al (1996) . Height was measured using a portable stadiometer and weight using electronic scales according to a standard protocol. Waist and hip circumferences were measured using a tape calibrated in millimetres. The waist was de®ned as the point midway between the iliac crest and the costal margin. The hip circumference was de®ned as the widest circumference over the buttocks and below the iliac crest. For analysis we included the BMI (as weight (kg) divided by height (m) squared) and the waist ± hip circumference ratio. Other data were obtained by interview. In 1994, the survey questionnaire included a number of items concerning eating habits. Subjects were asked how often, on average, they ate the following foods: biscuits; confectionery (eg sweets, chocolate); cakes of all kinds; fruit; vegetables or salads; bread or rolls; pulses (such as baked beans, dried beans and lentils). No information was speci®cally recorded concerning consumption of dried fruit, and no data were available for consumption of salads separately from all other vegetables. Responses were coded into the categories: more than once every day; once every day; ®ve to six days a week; three to four days a week; one to two days a week; at least once a month; less often than once a month; rarely or never. For analysis we used the categorisation of responses given as derived variables in the dataset provided by the Data Archive. The categories used are shown in the tables. Subjects were also asked`What do you usually spread on your bread?',`When you have fried foods, what kind of fat or oil are the foods usually cooked in?',`What kind of milk do you usually use for drinks, in tea or coffee and on cereals etc?',`Do you usually have sugar in your tea?',`Do you usually have sugar in your coffee?'. The categories used are shown in the tables.
Variables included in analyses
In addition to age, BMI and waist hip circumference ratio as continuous variables and sex, the following variables were used to adjust associations of GHb with dietary variables. A variable summarising the level of physical activity was classi®ed into the categories inactive, light activity, moderate activity and vigorous activity. Educational attainment was reduced to the categories degree or higher education, Advanced level (A level, school examination at age 18), General Certi®cate of School Education (GCSE, school examination at age 16), no quali®cations, other and not known. Cigarette smoking was reduced to the categories never smoked, smokes less than 10 cigarettes a day, smokes 10 ± 19 cigarettes a day, smokes 20 or more cigarettes per day, ex-regular cigarette smoker, and not known. Consumption of alcohol was estimated in terms of numbers of units of alcohol drunk in a week. In the UK a unit of alcohol is de®ned as approximately 8 g of ethanol and is equivalent to half a pint of beer, a small glass of wine, or a measure of spirits. The total number of units of alcohol drunk in a week was included using the categories: no drinks per week, more than zero but less than seven drinks per week, seven to`14, 14 to`21, 21 to`42 and 42 or more drinks per week.
Analysis
Data from the Health Survey for England have a hierarchical structure. Households were sampled within post-code sectors, and individuals were sampled within households. In addition, post-code sectors can be considered to be nested within district health authorities and regional health authorities. Intraclass correlation coef®cients for GHb were appreciable at each level of clustering but particularly at household and post-code sector levels (Gulliford et al, 1999) . For this reason, random effects regression analyses were implemented in the statistical package MLwiN (Goldstein et al, 1998) using restricted maximum likelihood estimation. GHb was modelled as a Gaussian dependent variable, and individual level explanatory variables were ®tted as ®xed effects. A ®ve-level nested model was used with individual subjects at level one, households at level two, post-code sectors at level three, district health authorities at level four and regional health authorities at level ®ve. After deleting cases with missing values, the dataset included 14 regions, 177 districts, 709 post-code sectors, and 6305 households. The analyses explicitly modelled the correlation structure of the data by estimating random effects at each level. These were assumed to be normally distributed with means of zero and variances s We initially ®tted a model with age, sex, height, BMI, waist ± hip circumference ratio, physical activity level, educational attainment, cigarette smoking and total alcohol consumption as predictors. Height was not associated with GHb and it was excluded. We then evaluated associations of dietary variables with GHb after adjusting for the initial model. Results were presented as regression coef®cients with 95% con®dence intervals and P-values estimated using the difference in twice the log likelihood between models ®tted with and without the variable. As a one unit change in waist ± hip ratio is not biologically relevant, we present the change in GHb per 0.1 unit change in waist ± hip ratio.
Results
Data were available for 15 809 subjects, and GHb estimations were available for 10 890 (69%). For cases with GHb recorded, we deleted 572 (5%) records with`non-white' ethnic group, a further 227 (2%) with a diagnosis of diabetes made by a doctor, and 319 (3%) with missing values on the continuous variables age, BMI or waist ± hip circumference ratio. Data were then analysed for 9772 (90%) cases. There were 4684 men and 5088 women. The mean age was 46.6 y, standard deviation 17.8 y, range 16 ± 94 y. The mean (standard deviation) GHb concentration was 6.34% (0.85%). There were 219 cases with GHb above the upper limit of normal for this assay of 8%, and who did not report a diagnosis of diabetes. Table 1 shows a random effects regression model with GHb as dependent variable. GHb increased with increasing age, BMI and waist ± hip circumference ratio and was signi®cantly lower in women than men. GHb was not associated with height in these data. Height was therefore omitted from subsequent analyses. GHb decreased as physical activity level increased. Compared with the inactive, the mean GHb was 0.180% (95% con®dence interval 0.100 to 0.260) lower in those who were vigorously active. GHb was higher in those with lower educational attainment. Those with no school quali®cations on average had a GHb which was 0.068% (0.019 to 0.117) higher than those with higher education. Current smokers had higher GHb levels, with a trend with increasing cigarette consumption. Current smokers of 20 or more cigarettes per day had a GHb which was 0.277% (0.218 to 0.336) higher than those who never smoked. Ex-smokers had similar GHb levels to people who had never smoked. Subjects drinking more than 21 units per week had lower GHb values than non-drinkers. Comparing subjects drinking more than 21 but less than 42 units of alcohol per week with non-drinkers, the difference in GHb was 70.147% (70.223 to 70.071). Inspection of the random effects showed that there was appreciable variation in GHb not only at the individual level, but also at the level of household and post-code sector, even after adjusting for the ®xed effects. Table 2 shows the association between alcohol consumption and GHb separately for men and women. The overall association of alcohol consumption and GHb was signi®cant in men but not in women. However, there was weak evidence for a trend in GHb across categories of alcohol consumption in women (P 0.02) and some evidence that GHb was lower in women drinking 21 ± 41 units per week than in non-drinkers. Table 3 shows the distribution of the sample according to frequency of consumption of vegetables and salads, and fruit. There was a negative association of GHb with consumption of vegetables and salads or fruit after adjusting for age and sex. There was some evidence for mutual confounding of the effects of fruit and vegetable consumption. After adjusting for age, sex and consumption of both fruit and vegetables, the coef®cient for more than daily fruit consumption was70.123% (70.045 to 70.201%), and for more than daily vegetable consumption was 70.088% (70.007 to 70.168%). Further adjustment for the confounders in the full model, explained the weak associations identi®ed. Table 3 also shows associations of GHb with consumption of sugar in tea or coffee. Subjects who took sugar in tea (0.051%, 0.015 to 0.087%) or coffee (0.069%, 0.034 to 0.105%) had higher GHb values than those who did not, but the difference in GHb was small after adjusting for the full model. Table 4 shows results of analyses exploring three indicators of fat consumption. The use of solid fat for frying food was consistently associated with higher GHb even after adjusting for the full model (0.082%, 0.022 to 0.142%). The use of whole milk rather than skimmed milk was also associated with higher GHb. This association Diet and glycated haemoglobin MC Gulliford and OC Ukoumunne Diet and glycated haemoglobin MC Gulliford and OC Ukoumunne was also robust to adjustment for confounding in the full model (0.088%, 0.036 to 0.140%). Using a low fat spread was associated with lower GHb than those using butter or solid margarine (70.075%, 70.121 to 70.029%). Analyses of the relationship between GHb and consumption of pulses, cakes, bread or confectionery gave negative results. Frequent consumption of biscuits was weakly associated with GHb in fully adjusted analyses only. These results are available from the authors on request.
Discussion
These analyses show that there were systematic variations in GHb in a general population sample of non-diabetic adults. Most of the associations identi®ed were of small magnitude but, taken together, they could account for large differences in GHb concentration. Thus a man who was inactive and smoked 20 cigarettes per day might have a GHb level which was over 0.5% higher than a female nonsmoker who took regular vigorous exercise. GHb increased by 0.12% for each 10 y of age, by 0.10% for a 5 unit increase in BMI, and by 0.065% for each 0.1 unit increase in waist ± hip ratio. The combined effects of increasing age, BMI and waist ± hip ratio could therefore be expected to have large effects on the GHb concentration.
The associations older age, greater adiposity and central obesity, and lower physical activity levels were expected from their known association with insulin resistance and the risk of type 2 diabetes (Rewers & Hamman, 1995) . After adjusting for these variables, there was no association between GHb and adult height (Ohlson et al, 1987) , in contrast to some reports which associated type 2 diabetes with shorter stature (Brown et al, 1991) . The inverse association between GHb and educational attainment was consistent with the well described inverse association between type 2 diabetes and socio-economic status (Rewers & Hamman, 1995) .
The present analyses showed that there was a strong, graded association of current cigarette smoking with GHb, while GHb levels were similar in non-smokers and exsmokers. This pattern of association was present after adjusting for a range of known confounders including total alcohol intake. Boeing et al (2000) reported that current smokers were more likely to be in the highest tertile of GHb. Cigarette smoking has been reported as a Diet and glycated haemoglobin MC Gulliford and OC Ukoumunne risk factor for type 2 diabetes in both men (Rimm et al, 1995) and women (Rimm et al, 1993) . The present results provide independent evidence that cigarette smoking may be associated with hyperglycaemia in non-diabetic subjects. Facchini et al (1992) found that smokers had higher insulin responses to an oral glucose load than non-smokers, with higher very low density lipoprotein (VLDL) triglyceride and lower high density lipoprotein (HDL) cholesterol concentrations. These changes were consistent with lower insulin sensitivity in cigarette smokers which might account for higher GHb levels. Laws et al (1990) found that cigarette smoking was associated with greater truncal obesity, but the association of GHb with smoking was independent of waist ± hip circumference ratio. Reports of the association between consumption of alcohol and risk of type 2 diabetes have given con¯icting results (Rewers & Hamman, 1995; Balkau et al, 1991; Wei et al, 2000; Perry et al, 1995; Rimm et al, 1995; Stampfer et al, 1998; Phillips & Safrit, 1971; Holbrook et al, 1990 ). The present results suggest an inverse association between alcohol consumption and GHb in the general population. The association was stronger in men, in whom alcohol consumption is higher, and this was consistent with the ®ndings of other studies (Holbrook et al, 1990) . It has been suggested that consumption of alcohol leads to improved insulin sensitivity with lower blood glucose and insulin levels and higher high density cholesterol (Facchini et al, 1994) . Other metabolic studies have suggested that alcohol may decrease insulin mediated glucose uptake (Jarvinen & Nikkila, 1985) and the effects of alcohol intake may be dependent on the duration of alcohol consumption and on the degree of obesity (Nikkila & Taskinen, 1975) . One epidemiological study showed that, after adjusting for age and BMI, alcohol consumption was associated with higher systolic blood pressure, triglycerides and uric acid levels, features usually associated with insulin resistance (Hodge et al, 1993) . Higher alcohol intakes are associated with greater abdominal obesity (Laws et al, 1990 ) and this might have been an important confounder. In the study of Hodge et al (1993) alcohol intake was not associated with diabetes after adjusting for confounders including waist ± hip ratio.
Dietary intakes
Three main hypotheses relate speci®c nutrients with the aetiology of diabetes. These concern the consumption of high-fat diets, diets high in ®bre-depleted carbohydrates, and diets de®cient in fruit and vegetables. The suggestion that dietary fat intake causes impaired insulin sensitivity and greater risk of diabetes was put forward by Himsworth and Marshall (1935) . West suggested that`there are few modern adherents to the notion that dietary fat is diabetogenic' except perhaps as a factor contributing to obesity (West, 1978) . More recent work has led to a reconsideration of this view. In a cross-sectional study of non-obese and obese subjects, higher fat intake was associated with lower insulin sensitivity, but this effect was not independent of BMI (Lovejoy & DiGirolamo, 1992) . In the San 
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Luis Valley study of risk factors for type 2 diabetes, a cross-sectional analysis of the baseline data showed that impaired glucose tolerance was associated with higher fat intake after adjusting for BMI (Marshall et al, 1991) . In prospective analyses from the study, high total and saturated fat intake was associated with higher insulin levels after adjusting for BMI (Marshall et al, 1997) and with conversion from impaired glucose tolerance to diabetes after adjusting for energy intake and obesity (Marshall et al, 1994) . In data from the Seven Countries Study, dietary fat was associated with development of diabetes after 20 y of follow-up (Feskens et al, 1995) . In a cross-sectional analysis from the Zutphen study, saturated fat intake was associated with fasting glucose levels (Feskens & Krounhout, 1990 ). These ®ndings appear to be consistent but, as Feskens and Kroumhout (1990) pointed out, the associations were weak and regression coef®cients were small in magnitude. In the Nurses Health Study consumption of animal fat was not associated with diabetes, although higher consumption of vegetable fat was associated with lower risk of diabetes in non-obese subjects (Colditz et al, 1992) . In a cohort study of 1462 women in Gothenberg, fat consumption was not associated with the incidence of diabetes over 12 y (Lundgren et al, 1989) .
The data reported here were consistent with the view that frequent consumption of foods containing animal fat was associated with hyperglycemia. Subjects who consumed food fried in solid cooking fat, or who habitually used whole milk, butter or hard margarine, had higher GHb levels than those who used reduced-fat foods or vegetable oil substitutes. The differences in GHb between groups were small, generally 10% or less of the standard deviation of GHb, but they were independent of confounding by BMI and waist ± hip ratio. The ®ndings are consistent with the report by Boeing et al (2000) , which found that high intake of saturated fat was associated with higher GHb.
High-carbohydrate, high-®bre diets have been recommended in the prevention and treatment of diabetes (Trowell, 1975 , Wolever et al, 1992 , but concern has been expressed that these diets may not improve blood glucose control, and may exacerbate the lipoprotein abnormalities typical of diabetes (Coulston et al, 1987; Hollenbeck & Coulston, 1991) . Evidence that high-carbohydrate, high®bre diets contribute to improved insulin sensitivity in nondiabetic subjects is con¯icting (Fugakawa et al, 1990; Borkman et al, 1991) but Salmeron et al (1997) suggested that diets with a high glycaemic load and low cereal ®bre content contributed to the risk of type 2 diabetes. In an extensive review, Daly et al (1997) concluded that there was insuf®cient evidence from human studies to draw ®rm conclusions concerning the relation between dietary carbohydrate and insulin sensitivity. Animal studies suggested an adverse effect of sucrose on insulin sensitivity but this was not con®rmed in human studies. Daly et al (1997) suggested that sucrose might cause impaired insulin sensitivity but only when sucrose accounted for more than 30% of total energy intake, a level of consumption that is uncommon. In an acute study including eight subjects taking either a high sucrose or high starch diet (either accounting for more than 50% energy intake), the same authors found no difference in insulin sensitivity between the diets (Daly et al, 1998) .
Our analyses gave results which, although not entirely consistent, might suggest that high intakes of sucrose could contribute to hyperglycemia. Consumption of pulses, a recommended constituent of diabetic diets (Jenkins et al, 1983) , was not associated with GHb. There was no association between GHb and frequency of consumption of bread, cakes or confectionery, but subjects who took sugar in tea or coffee had higher GHb levels than those who did not. The associations were of small magnitude but were independent of BMI and waist ± hip ratio as well as the other confounders included in the full model.
Fruit and vegetables
Frequent consumption of vegetables and salads or fruit was negatively associated with GHb after adjusting for age and sex but these associations were not robust to adjustment for the full model including BMI and waist ± hip circumference ratio. There was some evidence of mutual confounding of the effects of fruit and vegetable intake. These ®ndings are similar to those of Williams et al (1999) , who found that frequent consumption of vegetables or salads was associated with lower risk of abnormal glucose tolerance in a crosssectional analysis from the Ely study, but this association was explained by confounding by BMI. The authors argued that BMI was not a true confounder because it might represent part of the causal pathway between diet and diabetes. They also suggested that, because body mass index was measured more precisely than dietary intakes, adjustment for BMI could bias the assessment of a relationship between diet and diabetes (Williams et al, 1999) . Our own data con®rm the view that a proposed relation between consumption of fruit and vegetables and glucose tolerance was not independent of BMI, waist ± hip ratio, activity level, educational attainment, cigarette smoking and alcohol consumption. Cigarette smoking is known to be associated with lower consumption of fruit and vegetables (Margetts & Jackson, 1993) but this confounder was not included in analyses reported by Williams et al (1999) . The present data suffer from the limitations that salad consumption was not recorded separately from the consumption of other vegetables, and fresh and dried fruit were not distinguished. Nevertheless, the ®ndings are consistent with the report of Sargeant et al (2000) , which suggested an inverse association between plasma vitamin C concentration and HbA1c.
Limitations of study Our study has the strengths of a large, nationally representative population sample which included measurement of a wide range of confounders. However, the dietary assessment methods were imprecise. In a large sample, small biases from misclassi®cation of exposures or confounders, or from unmeasured and residual confounding, could lead to small, statistically signi®cant associations. Conversely, even in a large study misclassi®cation errors may render Diet and glycated haemoglobin MC Gulliford and OC Ukoumunne weak associations undetectable. After adjusting for confounding most of the associations which we identi®ed were of small magnitude. The ®ndings of the study should be treated with caution and it would be advisable to con®rm these associations in data from different populations. The recent report by Boeing et al (2000) provides independent con®rmation of associations of GHb with cigarette smoking, alcohol consumption and fat intake. Their report included data from a smaller sample, used a binary classi®cation of GHb for analysis, and analysed data for nutrients rather than foods. Our report extends their ®ndings by estimating differences in GHb between different risk groups, after adjusting for confounding.
Conclusions
The present analyses show that studies of GHb may provide insights into the determinants of glucose tolerance in the general population. Our results con®rm expected associations with age, sex, central obesity, physical inactivity and lower socio-economic status. Our results demonstrate that cigarette smoking is associated with higher GHb levels. The data suggest that alcohol consumption is associated with lower GHb. The results of these analyses also generally support the view that frequent consumption of foods containing animal fat will contribute to hyperglycemia in a population. The results are generally negative with respect to the consumption of carbohydrate containing foods, but heavy consumption of sucrose may have a weak association with worse glucose tolerance. The analyses suggest that consumption of fruit and vegetables is not associated with glucose tolerance after adjusting for confounders. Further evaluation of GHb in population studies may contribute to the understanding of the relationship between dietary intakes and glucose tolerance in populations.
